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Abstract

Neodymium magnets were independently discovered in 1984 by General Motors and
Sumitomo. Today, they are the strongest type of permanent magnets commercially
available. They are the most widely used industrial magnets with many applications,
including in hard disk drives, cordless tools and magnetic fasteners. We use a vector
potential approach, rather than the more usual magnetic potential approach, to derive the
three-dimensional (3D) magnetic field for a neodymium magnet, assuming an idealized
block geometry and uniform magnetization. For each field or observation point, the 3D
solution involves 24 nondimensional quantities, arising from the eight vertex positions
of the magnet and the three components of the magnetic field. The only unknown in
the model is the value of magnetization, with all other model quantities defined in terms
of field position and magnet location. The longitudinal magnetic field component in
the direction of magnetization is bounded everywhere, but discontinuous across the
magnet faces parallel to the magnetization direction. The transverse magnetic fields
are logarithmically unbounded on approaching a vertex of the magnet.

2020 Mathematics subject classification: primary 74C99; secondary 52C35, 74A45.
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1. Introduction

Neodymium magnets (also called NdFeB, NIB or Neo magnets) are the most widely
used type of rare-earth magnets. Their strong magnetic fields offer ideal industrial
applications, where size and weight are important issues in device design. They are
formed from an alloy of the lanthanoid neodymium [3] with atomic number 60, iron
and boron, to form the Nd,Fe 4B tetragonal crystalline structure. Neodymium magnets
are the strongest type of permanent magnets commercially available.

Neodymium is an antiferromagnetic metal which can be magnetized to become a
magnet, but it has a low Curie temperature of 19 K. However, forming compounds
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from neodymium and transition metals can produce Curie temperatures above 300 °C
and these are used to make neodymium magnets. The strength of neodymium magnets
is temperature dependent. The permanent magnetic fields produced by neodymium
magnets result from micro-crystalline grains, often of around 10-20 pum across.
These grow and align with a powerful external magnetic field during manufacture.
The crystal lattice has a high resistance to altering its magnetization direction and
so produces a high resistance to being demagnetized. Because of the importance
of grain structure, the magnetic properties of neodymium magnets depend on alloy
composition, micro-structure and manufacturing techniques employed.

In addition, the neodymium atom has a large magnetic dipole moment because
of its four unpaired electrons, allowing it to store large amounts of magnetic energy
of around 500 kJ m~3. These properties allow many applications, including use in
ring magnets, hard drives in computers and many other applications where powerful
permanent magnets are required.

Neodymium magnets are prone to destructive corrosion, especially along the
crystalline grain boundaries. To stop corrosion, and for cosmetic appeal, neodymium
batteries are often nickel plated, making them a bright silver colour.

Neodymium magnets are typically shaped as cylinders or rectangular prisms
(blocks). In this paper, we focus wholly on the block geometry, which allows many
magnets to be packed together to generate strong magnetic fields. Because Maxwell’s
equations are linear, it will be sufficient to derive the magnetic field from one block
magnet. We assume that the magnetic field arises from a block of material uniformly
magnetized in the vertical direction and the block faces are all vertical or horizontal.
We use Maxwell’s equations to derive the corresponding magnetic field and show that
the field is described in terms of elementary functions of position.

The two main motivations for this paper are to use the vector potential approach
to derive the steady magnetic field from a block magnet, and to show how this three-
dimensional (3D) solution collapses to the well-known point dipole solution in the
far field. A surprising implication is that, while the steady magnetic field from an
idealized circular current loop cannot be expressed in terms of elementary functions,
the steady magnetic field from a uniformly magnetised block can be expressed in terms
of a finite sum of elementary functions. Therefore, in terms of elementary functions,
the simplest current source does not produce the simplest magnetic field.

2. Maxwell’s equations
Maxwell’s equations in SI units in a stationary medium are
V-D=p, V-B=0,

0B JD
VXE+—=0, VxH-—=]. 2.1
xE ot ’ % ot J 1)

The main symbols used in this paper, and their units, are given in Table 1.
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TasLE 1. Notation used in this paper.

is the vector potential for the magnetic field in webers per metre

is the magnetic induction in webers per square metre

is the residual flux density of magnetic induction in teslas

is the electric displacement in coulombs per square metre

is the nondimensional unit vector from a source to the field location

is the electric field intensity in volts per metre

are eight nondimensional vertex functions defining B,

is the pull force in newtons

are eight nondimensional vertex functions defining B,

are eight nondimensional vertex functions defining B,

is the magnetic field intensity in amperes per square metre

is the current density in amperes per square metre

is the magnetic dipole moment in amperes metres squared

is the magnetization vector in a magnetic material in ampere turns per metre
is the nondimensional outward unit normal to a magnet surface

is the polarization vector in a dielectric material in coulombs per square metre
rm is the distance from the field point to the mid point of a magnet in metres

X is the 3D field location in metres

X4 is an extreme x value of the magnet in metres

is the 3D source location in metres

X, isthe 3D location of the magnet’s mid point in metres

Vb is an extreme y value of the magnet in metres

Ze is an extreme z value of the magnet in metres

€ is the permittivity of the vacuum (8.854 x 107!2) in farads per metre

Ho is the permeability of the vacuum (47 X 10~7) in henries per metre

\% is the gradient operator in inverse metres

V. is the divergence operator in inverse metres

Vx  is the curl operator in inverse metres

Jol is the free charge density in coulombs per cubic metre

0] is the electrical potential in volts

o
a
73

CE=

o
<

B Z2E TSRy

The 3D vectors D and H are redefined as

D=¢gE+P, H-= iB—M.
Ho

The vectors M and P account for effects arising from the presence of matter at a
point. Away from matter, these two vectors are zero. Within matter, empirical relations
are often suggested connecting them to the fields B and E. For example, in a linear
conductor obeying Ohm’s law J = oE, where o is the conductivity of the medium in
mhos per metre; for a linear isotropic medium D = K.E and H = B/(K,,u), where
K., is the dielectric coefficient and K, is the relative permeability.
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The permeability u of a linear isotropic material is defined as

1o
4= Ko, B=uH, M= (— - —)B.
Ho H

It is often useful to replace the field variables B and E by the vector potential A and
the electrical potential @, respectively,

B=VxA, E:—%—?—V(I), 2.2)
allowing (2.1) to be rewritten as
0’A o0 oP
Hoeo —V2A+V(u0605 +V-A)=MO(J+V><M+E). 2.3)

Then, in the Lorentz gauge, V - A + uod,® = 0, since we are considering only
steady magnetic fields,

E=0, P=0, J=0, ®&=0, 0,=0,

which leads to

VA = -V xM, V-A=0. (2.4)
The solution of (2.4) is
V x M)(x’
Ax) = Ho fdv’w, 2.5)
4 [x — x’|

where the volume integral extends over all space, X is the observation or field point, x’
is the location of a magnetization source and Cartesian coordinates are implied in (2.5).

We will proceed by considering a block-shaped magnet of constant magnetization
aligned along the positive z-direction, and the edges aligned along the coordinate
directions of a Cartesian coordinate system. The concept of a magnet with constant
magnetization is an idealization, which cannot be realized exactly in nature, because
of the different sizes and orientations of magnetic domains, and compositional and
structural variations within each magnetic domain. However, if the sides of the magnet
are large relative to that of the magnetic domains, then much of this variation will
average out at the macroscopic scale, supporting the concept of a magnet with constant
magnetization.

It is not unusual for standard texts on electromagnetism [1, page 288] to assume
magnets with constant magnetization. Then, within the magnet, V X M = 0 and so the
contribution to A arises from horizontal current flows around the vertical surfaces of
the magnet, in the direction M X n, where n is the outward normal to the magnet. We

find that M ,
Ax) = 20 f a5 Mx W) (2.6)
4 Ix — x/|

The surface increment dS’ passes over all of the vertical sides of the magnet.
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The term M X n is the mathematical equivalent of a surface current, while the
term V X M is the mathematical equivalent of a current density, arising when the
magnetization is spatially variable. Note that these equivalent currents arise from
electron spin and the motion of electrons in bound orbitals and so they produce no
energy losses or heating, since they do not involve electron drift or the scattering
processes associated with conduction currents.

Sometimes, magnet problems are derivable from a magnetic potential ®,;, where
H = —V®,,. Analysis of this scalar magnetic potential identifies an equivalent surface
magnetic charge density, M - n, which develops when the magnetization vector M
points in or out of a surface of the magnet. Of course magnetic charges do not exist,
but sometimes mathematical expressions arise which are equivalent to the existence of
magnetic charges on the surface of the magnet. We do not follow this approach here,
because the vector potential approach is more general, giving results valid inside and
outside the magnet.

From (2.2) and (2.6),

(M xn) x e)(x)
Ix — x’|?

B(x) = V x A(x) = 20 f ds’ , 2.7)
4

where e, is the unit vector from an element of the surface of the magnet to the field or

observation point, and

Mxn)xe.=n(M-e,)—M(n-e,). 2.8)

The magnetic field of an idealized magnet, therefore, results from taking solid-angle-
type surface integrals over the sides of the magnet.

If the body is not uniformly magnetized, then a volume integral contribution will
result from V X M, and the magnetic field will not originate wholly from the surface
contribution of an equivalent current.

3. Conceptual model for magnetization

The magnetization M of magnetic materials is not usually given directly. Instead,
the residual flux density By is typically given. They are related through
BFBS

M| = . 3.1
Ho

However, in any application, the shape of the magnet will modify the engineering
estimate in (3.1) (see, for example, (6.24)).

The B values for sintered neodymium magnets are 1.0T-1.4T, whereas bonded
neodymium magnets have 0.6T-0.7T. From (3.1), the magnetization of well-bonded
neodymium magnets is therefore around 5.6 x 10> A m™!, that is,

M| ~5.6x10° Am™". (3.2)
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Magnetization can also be estimated from the pull force F, which is needed to
separate a block magnet from a mild steel plate,

_AB?

ZﬂoF
=——, B=.T—, 33
2 \ . (3.3)

where A is the area of the magnet and B is the magnetic field. The manufacturer’s
web site gives the pull force of some 2 mm X 6.25 mm X 6.25 mm bonded neodymium
block magnets as 1.2 kgor 1.2 x 9.8 = 11.8§ N.

From (3.3), the implied magnetic field B is 0.86T. From (3.1), the implied
magnetization is around 6.8 X 10° Am™!,

F

M| ~6.8x10° Am™!,

which can be compared with (3.2).

The compound Nd,Fe 4B consists of mostly iron, with its three unpaired and
aligned electrons, and neodymium with its four unpaired and aligned electrons. The
atomic weights of neodymium, iron and boron are 144.2, 55.8 and 10.8, respectively.
Therefore, Nd,Fe 4B has mass fractions of 0.267 for Nd, 0.723 for Fe and 0.01 for
B. The densities of Nd, Fe and B are 6800 kg m~3, 7870 kg m~3 and 2460 kg m3,

respectively.
The magnetic moment for each unpaired electron is called the Bohr magneton pp,
eh —24 -1
Up = =927x107" J K.
me

If the magnetization arises essentially from the spin of unpaired electrons, then we
have the maximum estimate

6800 x 4 x9.27 x 10724
144.2 x 1.67 x 1027

for neodymium, whereas for iron we have the maximum estimate

Mg = ~10° Am™

_ 7870 3x9.27 x 1072
Fe ™ 558 % 1.67 x 1027

provided the magnetization of neodymium magnets largely arises from the spin of
unpaired electrons. The maximum theoretical value of magnetization for a neodymium
magnet is 0.723 Mg, + 0.267Myng ~ 1.93 x 10° A m™~'. In practice, magnetic domains
in neodymium magnets do not all align perfectly with the formative applied magnetic
field, and neodymium magnets appear to have an average magnetization of around
10° Am™.

~23x10° Am™,

4. Point dipole magnet

In Section 6, we derive the steady 3D magnetic field from a block magnet. There,
we show that as the sides of the block magnet become sufficiently small, the magnetic
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field tends to that from the corresponding point dipole magnetic source, which we
summarize in this section.

In the limit that all of the edge lengths of the magnet are essentially zero, relative
to the distance between the magnet and the field point, the magnetic field of the
magnet will approach that of an idealized dipole field. Then the vector potential A
and magnetic field B from the point magnetic moment m are

m X e,
=0 B=VxA="t2

e 1 4rry,

[3(m - e,)e, —ml], 4.1)

where 7, = |X — X,;|, X, = (X, Yin» Zm) 18 the mid point of the point magnet, x = (x, y, 7)
are the coordinates for a field point and e, = (X — x,,)/r,, is the unit vector from the
point dipole to the field point.

For the magnetic moment of the magnet aligned along the positive z-axis,
R IR CRE R LR G R S M CE)
4rry,
It may sometimes be useful to resolve this Cartesian solution (B, By, B;) into the
corresponding solution (B,, By, By) in spherical polar coordinates, where B,, By, B, are
the components relative to the spherical polar orthonormal frame. The relationships
between the corresponding unit vectors are

B

e, = sin 6 cos ¢e, + cos 6 cos pey — sin pe,,
e, = sinésin ¢ e, + cos §sin ¢ey + cos gey,

e, = cos fe, — sin ey
and the corresponding inverse relationships are

e, = e +le, + e, €= -—e + e Re e Ye,+ e

= — - - 9 = —— —_— _— = — = —_

B A R R mRY o R R
where 2 = x> +y> + 22, R> = x> + y? and sin6 = R/r. Also, the components in the

different coordinate systems satisfy

2

B = B.e, + Bye, + B.e; = B,e, + Byey + Byey.

The coordinate system is oriented so that z = rcos 6, with § = 0 aligned along the
direction of magnetization.

Finally, the magnetic pole method [1, page 261] can be used to obtain the finite
magnetic field resulting from the collection of infinitesimal dipoles in (4.1), using
constant M and m = MdV":

1 M-n’
B=-Vo,, ®,=%[avM. V’(—) [ 2R 43

4n r/  4n r
where @), is the magnetic scalar potential. Note that the surface integral in (4.3)
involves only the upper and lower horizontal magnet surfaces, in contrast to (2.7),
which involves only the vertical side surfaces of the magnet.
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5. Ring current source

According to Ampere’s historical model, a permanent magnetic field from a
magnetic body can be imagined to result from a distribution of infinitesimally small
current loops within the magnetic body. In a cylindrical coordinate system, the vector
potential for a horizontal current / in a conducting loop of radius a has only its
azimuthal component A4 nonzero,

_ polal 2 — K (K) - 2E(K)

Ay
ak2 Vr? + a® + 2arsin 0

) (5.1

where E(k) and K (k) are the complete elliptic integrals,

/2 d
Kb = f ©
0 1 — k2sin’ @
/2
E(k) = f daV1 -k sin’a,
0
4arsin @

k= :
r2 +a? +2arsin@

The corresponding magnetic field B follows from (2.2) and (5.1) and yields results
which depend on the complete elliptic integrals. Given the simplicity of this current
source, it is natural to expect circulating current sources to involve elliptic functions
or more complicated expressions. In the next section, we show that this is not true,
because the magnetic field from a circulating current around the vertical sides of a
rectangle involve only elementary functions. The magnetic field from a rectangular
current source is given in Appendix C.

Perhaps the reason for this apparent anomaly is that there is an unphysical aspect to
the physical model for the current loop above. If the wire’s diameter can be as small
as required, but the radius a of its loop remains constant, then sufficiently close to the
wire the magnetic field will approach that from a long current-carrying wire, whose
magnetic field will be circular about the wire, decreasing inversely with distance about
the wire. Therefore, this magnetic field increases without limit on approaching the
wire as we let the diameter of the wire tend to zero.

This difficulty is largely avoided if the magnetic field arises from a source of
magnetization, rather than from a conduction current. This may be the reason why
the magnetic field from a magnetized block is expressible in terms of elementary
functions, whereas that from a current loop is not.

6. 3D magnet

The magnetic field for a block magnet follows from (2.7)—(2.8). The horizontal
surfaces of the magnet do not contribute to the magnetic field, and it is only the four
vertical surfaces whose normals are normal to the magnetization which contribute. We
now establish some notation to identify the different edges and faces of the magnet.
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We begin by considering a magnet with its magnetization in the positive z-direction
and all of its edges parallel to the coordinates of a Cartesian coordinate system.

On the lower square surface, let the four vertices of the magnet be at the points
(%0, Y05 20)> (X1, Y0, 20)> (X1, Y1, 20) and (xg, y1,20)- The four upper vertices of the magnet
are at the points (xo, yo, z1), (X1, Y0, 21), (X1, y1,21) and (xo, y1, 21)-

Now consider the vertical face of the magnet with vertices at (xo, Yo, 20), (X1, Y0, 20)»
(x0,Y0,21) and (x1, Yo, z1). The outward normal n to this surface equals —e, and so from
(2.8) this surface contributes to the components By and B;, but not to B,. From (2.8)
and M = [MJe,,

Mxm e, = D[~ Ve -~ 2],

where (X, Y, Z) is an arbitrary point on the surface (subject to Y = yg) and

r= - X2+ - ¥R+ (- 2P

The contribution to B, from this surface is

M X1 21 Z _
B},(x)=“°| 'f de z%=2 vy, 6.1)
X0 20

4 r3

The integration over Z is trivial:

C 2= (0 91
LdZ 3 —L d(Z Z)O(Z—z)r

1

r

21

1

VG y0r + G-
1

VE=X2+ (G- +G@-2)°

The X integral in (6.1) can now be performed by writing, for example,

X2 = —-y0) +(@—-20)% X-x=Xpp, p=sinh6, (6.2)

giving the contribution to B, from this surface as

HolM| . (x1—x) . (xp — x)
B,(x) = arcsinh — arcsinh
' 4 [ e (\/(y—yo)2 +(z—z<))2) : (\/(y—yo)z + (Z_ZO)Q)
+ arcsinh( o =1 ) - arcsinh( (=0 )] 6.3)
VO =02+ @ —21)2 VO =202+ @ —21)2

where the inverse sinh function, arcsinh, can be written as

arcsinh(f) = In(27) + 1/(4#*) + (0™*)) ast — . (6.4)
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Note that the B, component (6.3) is of order r~3 at a large distance r from the magnet,
because all the lower-order terms from (6.4) cancel out.

When the field point lies along a magnet edge, one of the Xoy in (6.2) is zero and
the arcsinh function in (6.3) is replaced by In|x — x,|. Consequently, B, diverges
logarithmically about a magnet vertex. However, when the surface has a bounded
curvature of R™!, the magnet field will be bounded above by poI/(27R) ~ uo|M| or
around 1 T. (Note that we expect the magnetic domains to be less pinned on the edges
and vertices, and the value of the magnetization there to be correspondingly reduced.)

The contribution to B, from the magnet surface through Y = yy is

B.(x )_,uol I(y yo)f de)Cl X Y. 6.5)

The integral over X can be performed by defining
Ry =G -y’ +(&—-2)7 X-x=Rop, p=sinhg

and, noting an equation in the work of Gradshteyn and Ryzhik [2, (2.423.10)], allows
(6.5) to be rewritten as

M - dz
B.(x) = HolM|(y 4)’0)()61 x)
d “ RS AJ(x1 —x)* + R}
M(y - - “ dz
_ HoMI(y 4yo)(xo x) 6.6)
T 20 R2 (X0 _x)2 +R2
The first integral in (6.6) can be performed by writing
R =(x-x)’+(-y) Z-z=Rp, p=sinh6,
f do 3 -1
(- y0)2 +R3sinh*6  (x = x)(y = yo)
- -Z
X arctan( - x)ez-2) ),
0 = y0) V(x = 212 + (v = y0)? + (2 = Z)?
(6.7)

where we have noted equation (2.458.1) in [2]. Evaluating (6.7) at the limits, Z = z,
and Z = 7y, and cancelling the factors (x — x1)(y — yo), yields the first integral in (6.6).
The remaining integrals for B, from this vertical surface through Y =y, can be
obtained similarly.

Having discussed the magnetic field components from the vertical face of the
magnet through Y = y,, we now consider the total magnetic field from all four vertical
surfaces. Moving anticlockwise around the vertical faces of the magnet as seen
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from outside the magnet, in the direction of the effective surface current, we have
on successive surfaces:

M|
Y=yo, n=-e, Mxmxe =— [y = Y)e. — (z - 2)e,],
B _ M
X=x;, n=e, Mxn)xe =—[z-2)e, - (x-X)e],
r
_ _ M
Y=y, n=e,, (Mxn)xe,—T[—(y—Y)eZ+(z—Z)ey],
B 3 _ M
X=xp, n=-e, Mxn)xe =—[-(z—2)e,+ (x—Xe,]
r

and the resultant magnetic field components are

M V1 21 1 1
B, =M 'f de @-2d7(=| -5 ) 6.8)
4 Yo 20 lx=x T lX=xo
M X1 21 1 1
B, = MMl de c-2az(=| - ) 69)
4 Jy 20 Fly=y,  Tly=y
M| (Y (- Y —y
P G L
4 X0 20 r Y=yo r Y=y,
M| (Y (Y (- X - X
+1Mf de a2 -0 ) w0
4r Yo 20 r X=xo r X=x;

We showed above how each of these integrals can be evaluated in terms of elementary
functions. In Appendix A, we show that (6.8)—(6.10) reduce to the correct dipole
expressions when the magnet dimensions are small relative to the distance between
the magnet and observation point.

Each integral, for each of the components of B, involves sums of terms with specific
values of one of xy or x;; yo or y;; zo or z; and these terms enter the integrals in
the form of x — xp or x — x1; y —yp or y —y1; 2 — 20 or z—z;. Consequently, there
are eight combinations arising from these binary possibilities, with each possibility
corresponding to a vertex of the block magnet.

From (6.8),

5 _ oM fy[ dy dy

an - Jy, rX=x1,Z=z1) rX=x,Z=2)
dy N dYy
rX=x0,Z=z) r(X=x0,Z=z2)

(6.11)
and so the component B, arises from four line integrals along the horizontal edges of

the magnet, aligned in the Y-direction.
We write the first integral in (6.11) as

V1 dY
fyo X =a.Z=ay  HOH = I, (6.12)
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where f[101] is evaluated at X = x1,Y = yg,Z = z;, while f[111] is evaluated at
X =x,Y =y1,Z=2z. From (6.12) and (6.11),

B. = ,Ll()|M| 222(_1)11-%&0]0[ b
T A abel

a=0 b=0 c=0
M
= “Z'ﬂ |[f[OOO] — f1001] = £[010] — £[100]
+ fIO11] + f[101] + f[110] — f[111]] (6.13)

with

flabc] = arcsinh( O~ ) ),

\/(x - xa)z + (Z - Zc)z

where each of a, b, ¢ ranges over the binary values of 0, 1; and f[abc] follows from
(6.12) and (6.3). The triple sum in (6.13) ranges over the eight vertices of the block
magnet, each vertex of the magnet having the sign (—1)#***¢. The choice of sign here
follows from the aim to write expressions as functions of x — x,,y — yp, 2 — 2., Which
introduces an additional negative sign. The [abc] vertex is at position

(6.14)

x[abc] = Xg + (a(x; — x0), b(y1 — ¥0), c(z1 — 20)).

The treatment for B, is similar to that for B,. From (6.9), we can write

B :/l0|M| x‘[ ax B ax
’ e Jo rY=y1,.Z=z2) r(Y =y1,Z=2)
dX ax

- + (6.15)
r(Y=y0,Z=2z1) r(Y=y0,Z=2)

and so the component B, arises from four line integrals along the horizontal edges of
the magnet, aligned in the X-direction.
We write the first integral in (6.15) as

i X
——— =g[011] — g[111], 6.16
fxo "V =y.Z=2) glO11] = g[111] (6.16)

where g[011] is evaluated at X = xo, Y = y;,Z = z; and g[111] is evaluated at X =
x1,Y =y1,Z = z;. From (6.14), (6.15) and (6.16),

1 1 1
B, = B S S S Cayesteglael, (6.17)

4n a=0 b=0 ¢=0

(x = x4) )
Vo= + @ =202/
while (6.18) follows from (6.16) and (2.3).

glabc] = arcsinh (6.18)
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The solution for B; is similar to that for B, and By, but involves a double count over
the magnet vertices. From (6.10), the integration over Z can be performed, followed
by separate integrations over X and Y, yielding

111
B, = “‘;'M| Z Z Z(—l)‘”"“‘{G] [abc] + Galabcl}, (6.19)
n a=0 b=0 ¢=0
where
G, [abc] = arctan -z —z) )
(X - xa) \/(X - xa)2 + (_Y - yb)z + (Z - Zc)z
Gslabc] = arctan( - Xz —2) )
O =) V& = x)2 + (= yp)? + (2= 2)?
Writing

(2= 2) V= x)* + (= yp)? + (2 — 20)?
(x = x)(y — y»)

h=arctan(G) =G+ G,, G=

allows (6.19) to be rewritten as

oMl ¥
B, = Z Z Z(—l)“”’*ch[abc] (6.20)

-=()

N}
I
(=}
S
Ii
S
a

with

(2= 2) VO = x> + (v = yp)* + (2 = Zc)z)
(.X - xa)(y - b) ‘

The definition of 4 in (6.20) is nonunique, unlike the definitions of f in (6.14) and g in

(6.18). Care is required in calculating B, from (6.20), especially about vertices.

The horizontal surface current of magnitude M means that B, is discontinuous on
crossing a vertical magnet surface. For example, about the surface y =y, the four
terms /4[000], 2[100], A[001], £[101] in (6.20) have unbounded arguments and so, for
y =y, (ust inside the magnet), these four terms contribute uoM/(4r) X 4 X (/2),
whereas these four terms contribute poM/(4n) X 4 X (—x/2) for y =y (just outside the
magnet). Hence, B, undergoes a positive jump of poM on crossing a vertical magnet
surface and moving inside the magnet.

Appendix B shows that the triple sum expressions in (6.13), (6.17) and (6.20)
reduce, in the limit of a small magnet, to the correct dipole expressions. The exact
expressions in (6.13), (6.17) and (6.20) are well known in geophysics [4], where these
have been widely used to approximate the magnetic field from block-shaped magnetic
bodies in the Earth.

These geophysical analyses use the magnetic potential method, which produces
different inner and outer solutions, since the magnetic potential is singular on the
magnetic surface. In geophysical applications, the observation point is typically in an
aircraft, flying over a prospective geological mineral deposit, and so the observation

hlabc] = arctan(
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and source points never approach one another. Thus, only the outer solution arises in
geophysical applications.

In contrast, in industrial applications, the observation and source points may
approach one another and it is then attractive to use the vector potential method, which
produces expressions that are valid both inside and outside the magnet. This is our
justification for the detailed derivations above, and for showing how these expressions
collapse in the far field to the corresponding point dipole solution in Section 4.

The central value, B,(mid), of B, on the upper surface follows from (6.20) by setting
X = Xy, Yy =Y and z = z;. Then the upper surface does not contribute, from the term
z—21 = 0. The four other terms, as a, b range over 0, 1, give equal contributions.
Hence,

2(z1 — 20) V(x1 — x0)* + (1 — o) + 4(z1 — Zo)z)
(x1 = x0)(1 = yo) '

For a magnet whose upper surface is square, and height z; —z9 = A(x; — x9) =
A1 = Yo,

M
B (mid) = M arctan(
n

B.(mid) = 0™ °| | arctan (2 V22 VI 5 2.8) 6.21)

and, when A = 1/3, B,(mid) = ,uOIMI /4. Note that field values depend on magnet shape,
but not on magnet size.

The vertex value, B.(vertex), of B, on the upper surface follows from (6.20) by
setting x = x;, y = y; and z = z;. Then the upper surface does not contribute, from the
term z — z; = 0, provided we approach the vertex position from along the upper magnet
surface. The three vertices with (a, b, c) = (0, 1,0), (1,0,0) and (1, 1, 0) contribute /2
from the arctan term. Hence,

B,(vertex) =

3uoM| 2 (z1 = 20) V(x1 = %0)2 + (1 = y0)* + (21 — 20)2
o L (4 = 2000 —30) I

For a magnet whose upper surface is square, and height z; —z9 = A(x; — x) =

A1 = yo),
3uolM
B_(vertex) = “%l LA Z' arctan (1 V2 + 12) (6.22)
and, when A = 1/3, B,(vertex) = 19|M|/2, or about twice the corresponding value of
B, (mid).

While the value of B, is the same at each of the upper vertices, B, takes on different
values at the mid points of the upper edges. Consider the field value B,(mid edge) at
the point (x, y, z) = (X7, ym, 21), just inside the mid point of an upper edge. Then

B,(mid edge)
_ oM polM| (21 — 20) V4(x1 — %0)% + (1 — y0)? + 4(z1 — 20)?
~ T4 T [arctan( (x1 = x0)(y1 — Yo) )]
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For a magnet whose upper surface is square, and height z; — zg = A(x; — xp) =
A1 = o),

M| M
B.(mid edge) = “"L L, “02| | arctan (1 V5 5 4.0) (6.23)

JT
and, when A = 1/3, B,(mid edge) =~ uo|M|/3. There is a discontinuity in the values of
B, on crossing an upper edge.
The value of B, at the centre of the magnet, B,(centre), follows from (6.20) by
setting x = X, y = Yy, and z = z,,,, giving

(z1 = 20) V(x1 = %0)2 + (1 = yo)* + (21 — Zo)z)
(x1 = x0)(r1 — o) '

For a magnet whose upper surface is square, and height

2up|M
B.(centre) = M arctan(
bl

21 — 20 = A(x1 = x0) = A1 — Yo),

200|M
B_(centre) = ZuoM| arctan (A V2 + 12).
T

When 4 = 1/3, B,(centre) =~ 0.29uy|M]|.

At the centre of the magnet, (x,y,2) = (X, Ym, Zm), both B, and By, are zero. More
generally, on the planes x = x,,, and z = z,;,, By = 0; while on the planes y = y,, and
2= Zm, By =0.

From (6.21)-(6.23), there is not a massive change to the magnitude of B,, on
moving across the upper face of the magnet, when A = 1/3. However, we see that (3.1)
underestimates the magnitude of the magnetization |M|. The scaling correction needed
will depend on the method used, since some methods could depend on the magnetic
field, or one of its components, such as B,, while other methods could depend on the
magnitude of the square of the magnetic field.

In addition, there are eight reflective symmetry points, where the components of B
agree to within a sign. We discuss this in Appendix D.

There are four special planes of view for a vertically magnetized block magnet:
X =Xxo; X=x1; y=Yyo and y =y;. From an observation point on one of these four
planes, one of the vertical edges of the block magnet subtends an edge view for which
n - e, = 0. From (2.8), we obtain the following theorem.

Tueorem 6.1 (Edge view). The magnetic field contribution from a vertical surface of a
vertically magnetized block magnet, at an edge view position, is normal to that vertical
surface.

Of course, the contribution to any component of B results from at least two surfaces
and, while one surface may not contribute, the opposite surface will.

The general integrals for the magnetic field in (6.8)—(6.10) can be rewritten as
averages of the inverse distance to certain lines and surfaces. From (6.10),

[m| 1 1
5=t o)+ 0a 5]
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where the discrete differences ¢, and ¢, are defined through

5uf(x = xp) = L2 le):f;fx =) s -y = LY —y;)? :;(y — 1)

and the corresponding averages are defined as, for example,

@(%) - (x1 - Xo)l(Zl - 20) fx:] ax f: dZ(Sy(%)’

showing that B, follows from averaging over the vertical surfaces.
Similarly,

_ Ho|m| 1 _ Ho/m| 1
T Arx 6X6Z(r)’ B, = 47 6”6z(r)’

55(1)_ ! ledX(S(S(l)
A = x0) )

showing that B, and B, follow from averaging over specific edges.

The central surface value B,(mid) of a magnetic field component will be that of B,
at the observation point (x, y, z) = (X, Ym» 21), that is, on the magnet surface along the
vertical line through the magnet centre. From (6.10),

B,

where, for example,

1
B.(mid) = “(;'f'(r—S), (6.24)

where

2 1 1 X L dz 1 Y1 L dz
Graloms L« Fomm ) o[ 7]
r (z1 —20)L(x1 = x0) Jy, o P 1=y Jy, w T

and so the central surface value of B, follows from a specific average of =3, which
will depend on the magnet’s geometry. Therefore, the relationship between the surface
value of the magnetic field and the magnetization depends on the magnet’s geometry,
again showing that (3.1) is only an approximation.

7. Summary

The mathematical model developed here assumes uniform, unidirectional
magnetization, within a perfect block geometry.

The exact expression for the magnetic field from a 3D vertically magnetized block
magnet was derived. Twenty-four nondimensional quantities were needed to define
the solution. These arise from the eight vertex positions of the block magnet, with
each vertex having three nondimensional quantities arising from the three components
of the magnetic field.

The only unknown in the 3D model of the magnetic field is the magnetization
magnitude. All other expressions involve elementary functions of the geometry of
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the block magnet and the field position. The exact nature of this solution could be
useful in predicting the magnetic field in devices consisting of several neodymium
block magnets, in testing the accuracy of software predicting magnetic fields and
in understanding a vector field which transitions from the near field from a block
geometry to a dipole field in the far field.

The actual magnetic field from a physical block magnet will differ from those given
above, because of uncertainties in the homogeneity and magnitude of magnetization
in the magnet, and the accuracy of prescribed lengths for the magnet.

The vector potential approach presented here should be attractive in industrial
applications, because it produces expressions valid both outside and inside the
magnet. Our results clearly show that the magnetic field component in the direction
of magnetization is always bounded, but the corresponding transverse components
become divergent at block vertices.

Appendix A. Dipole limit from (6.8)-(6.10)

In the limit of the sides of the magnet becoming very small, from (6.8),

M - - <l 1
B, ~ HoIM|(x1 — x0) (V1 yo)f dZ(z - Z)0x~
4 2 I x=x,,
3 - Am — <m
_ 3polml(x = x6,)(z — 2 )’ AD)
471r,5n

m = M(x; — x0)(y1 — yo)(@1 — 20)»

'm = \/(x_xm)2+(y_ym)2 +(Z_Zm)2’

_ (xo + x1) (vo +y1) _ (z0 +z1)

-xm 2 ’ ym - 2 s Zm 2 s
where m is the magnetic moment (in the positive z-direction) of the magnet.
Similarly, from (6.9),

L Stolml(y = y,)(z = z)

5

B,
Y 4nr;,

and, from (6.10),

poMI(x = x0) 01 = y0)@ = 20) [, X =y) o (X=x)
~ aY + aX
4 r r
_ Holml[3(z = zn)* = 1]

47rr,5n

B,

Consequently, for a vertically magnetized block magnet, the general expressions in
(6.8)—(6.10) simplify to (4.2) when we reduce the size of the magnet effectively to a
point magnet.
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Appendix B. Dipole limit from (6.13), (6.17) and (6.20)

Consider the last sum over ¢ in (6.13) and, assuming an infinitesimally small
magnet,

lu0|M| ShY a+
Be="== ) > (=D Iflab0] - flab1]]

a=0 b=0
0@ = 2)M O O,y flabe]
S IDY e N .1
and continuing in this manner we find the dipole component
B, (dipole) = 'le':rn' af;){az(xa = X3 Vb = Ymi Ze = Zm)
_ polm| & 1
AT 90 [ A =)+ G- 2P
_ Holm| 3(x = Xm)(2 = Zm)

, B.2
A [(x = xm)? + (v = ym) + (2 = z0)* P2 (B2
consistent with (A.1), and magnet vertices are set to the centre location. Similarly, the
component By(dipole) is correctly obtained.

From (6.20) and (B.2), the dipole expression for B,(dipole) is

3
B_(dipole) = ﬁ% ajayhaz(x“ = X3 Vb = Ym’ Ze = Zm)
_ _Holm| &’ 0= 9@~ 2)
A 020V [(x = 2 + (2= 2?1 = x) T+ 0 = P + (2= 2)?
_ _Holm| & (z—2zc)

AT 02 [\J(x = %) + (v = ym)* + (2= 2P
_ Homi[3(z - Zm)* = 12]
471;’31

’

which agrees with (4.2) and where we have noted that
[(x = )+ =) + (2= 21z = 2)* + (x = X))’ (v = )
= [(x = xw)* + @ = 21 = y)* + (2 = 2)°].

Appendix C. The rectangular current source

From (B.1), the component B, from a rectangular anticlockwise current source,
I = |M|(z; — z0), where z; — zp is infinitesimally small, is

oMz - 20) OO, s OF
B"_TZZ(_D et

a=0 b=0
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of __ —O0=y)z—zm)
6Z r[(x — xa)2 + (Z - Zm)z] ’

where

r= @ xR+ (2 )2

Since f is nondimensional, 0,f has dimensions of an inverse length, and the
differencing implied from the summations over a and b effectively produces second
derivatives, producing the correct dimensionality for B,.

Similarly,
11
B, = /10|M|ZZ7; 20) Z Z(_l)a+b(;_§’
a=0 b=0
0g _  —(x—xa)(z—2m)
0z rly = yp)? + (2= zm)?]
and

1 1
HoM|(z1 — z0) asp 0N
B, = HOECU S S S gyt 2
‘ v =D 0z’

a=0 b=0

oh _ (x = x)O = yp)[r* + (2= z)*]
0z rl(x = x)* + (2 = 22O = yp)2 + (2= zm)?]

Appendix D. Symmetry points for the field from a block magnet

From symmetry, the magnetic field is vertical along the vertical line through the
centre of the magnet, since there B, = 0 = B,. Moving slightly away from this vertical
line shows that B, remains positive, while B, (By) is positive or negative depending on
whether (x — x,,) (¥ — y,»)) is positive or negative.

From (4.2), for an infinitesimal vertical dipole, the component B, is zero along
the surfaces cos8 = (z — zu)/rm = 1/ V3. We expect similar behaviour far from the
block magnet, as the magnetic field lines bend outwards and eventually downwards,
before turning upwards again, to re-enter the magnet. Note that B points vertically
downwards, for points outside the magnet and on the plane z = z,,.

From the symmetry of the idealized block magnet, for each observation point
(x,y, 2), there are eight symmetry points:

Xms Yms Zm) + (£(X = Xn), £V = Ym)» (2 = Zm))s (D.1)

where the components of B are equal to within a sign.

At each symmetry point, the eight values of x — x,, y — ¥, and z — z. also agree with
each other to within a sign. To see this, it is sufficient to consider only the terms x — x,.
From (D.1), the two cases are x,, + (x — x,,,) — X, = x — x, and x,,, — (x — x,,,) — x4 =
—(x = (xo + x1 — xz)) = —(x — x},), and similarly for the other symmetry points.

Let us focus on the symmetry point in the region where x — x,,, y — y,, and z — z,,, are
all positive. Then the other seven symmetry points are obtained from reflections along
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coordinate axes. Let us denote (x), (y), (z) the symmetry points obtained by reflections
in the x, y, z directions; {xy), {(xz), (yz) the symmetry points obtained by two reflections
in the xy, xz, yz directions; and (xyz) the symmetry points obtained by three reflections
along the x,y, z axes.

If By, By, B, are the magnetic field components on the symmetry point in the
region where x — x,,, y — ¥, and z — z,, are all positive, then under (x), the field
components are —B,, B, B;; under (y), the field components are B, -B,, B;; and
under (z), the field components are By, By, —B.. Similarly, under (xy), the field
components are —B,, —B,, B;; under (xz), the field components are —B,, By, —B; and
under (yz), the field components are B,, —B,, —B;. Under (xyz), the field components
are —B,, —By, -B..

In summary, at the eight symmetry points, the components of the magnetic field
are sgn(x — x,,)By, sgn(y — ym)By, sgn(z — z,,)B;, where B,, By, B, are the magnetic
field components in the positive quadrant and sgn(-) is the sign of the corresponding
expression.
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